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Abstract 
Manipulation using multifingered robotic hands is an interesting topic 
in robotics due to their ability of performing dextrous and fine manipulation. 
On the other hand, the dexterity of the multifingered robotic hands increases 
difficulties in path and motion planning. Model-based automatic planning and 
human teaching are two possible ways to deal with this problem. However, 
there exists a big problem of high computation in automatic planning 
inherently. Many of existing methods in human teaching are to teach the multi-
fingered robotic hand to perform dextrous tasks in virtual environment, which 
usually includes the model of the robotic hand and the manipulated object. 
However, it is difficult for an operator to generate the paths of dexterous 
manipulation that satisfies all the geometric and mechanical constraints. The 
reasons lie in that the physical motions like sliding, rolling and the combination 
are not easy to simulate in the virtual environment. One possible approach to 
solve this problem is teaching by demonstrations, which is considered the most 
natural method since an operator manipulates an object directly by his hand. 
This thesis addresses a problem of calculating the motion between 
human fingers and manipulated object from the manipulation demonstrated by 
an operator wearing a cyber glove. A friendly teaching system has been 
developed. In this system, a human operator wearing the cyber glove 
demonstrates the task first. The positions and orientations of human fingers at 
different samplings are measured by the cyber glove. Then, the system will 
show all possible initial and final contact states. After the operator chooses the 
initial and final states, the system will automatically calculate the contact 
motion. A heuristic algorithm is proposed for computing the contact motion 
between human fingers and the object from the measurement data. The 
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developed algorithm works provided that the geometric models of the 
manipulated object and the human hand are given beforehand. This algorithm 
creates a search-tree whose node represents a contact configuration (state) 
between the object and the fingers and whose levels correspond to contact 
states at different sampling time instants. The tree is initialized by the root node 
corresponding to initial state and is gradually expanded based on motion 
continuity. To reduce the search space, we predict states reachable from a 
given contact state in a contact domain. Montana's contact equations are 
employed to compute the contact motion. We also develop a new and efficient 
algorithm to calculate the contact configuration between the object and the 
human hand from the measurement data of the cyber glove. To validate the 
proposed approach, a simulator and an experimental system have been 
developed. We examine the performance of the proposed algorithm in the 
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Manipulation using multi-fingered robotic hands has been a topic of 
interest in industrial assembly, prosthetic hand design, and in the study of human 
movement. Multi-fingered robotic hands offer several advantages over traditional 
end effectors. They can execute advanced dextrous tasks like reorienting and 
positioning a grasped object with fine motions. Furthermore, they also have the 
ability to grasp objects of arbitrary shapes with uneven surfaces while the 
traditional end effectors can only grip those objects with parallel and plane 
surfaces. As a result, in recent years, many robotic hands such as the Salisbury 
hand[l], the Utah/MIT hand[2], the Anthrobot-2 and Anthrobot-3, and the 
BelgradeAJSC hand[3] have been developed successfully for either researches or 
applications in industries. To develop the technology of multi-fingered robotic 
hands, much effort has been put in the field of mechanical design [4] [5] [6], 
kinematics [7] [8] [9]，grasping [10] [11] [12] [13][14], dynamics and control [15] 
[16] [17]. 
The existence of high degrees of freedom of robotic hands allows them to 
perform many dextrous manipulation tasks. However, it leads to the difficulties in 
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trajectory planning. To solve this problem, human teaching method is proposed to 
generate a feasible path or the motion of a robot. The approaches adopted in task-
teaching systems developed in last two decades can be classified into direct task 
teaching, indirect task teaching, and teaching by demonstration. 
In the direct task-teaching method, a human operator teaches the real 
robotic hand to perform desirable tasks by tele-manipulation and record the 
motions of the robot. It is extremely difficult to achieve the goal because of the 
high dimensionality of configuration space of the robotic hand. Furthermore, the 
cost of teaching with the real robotic hand is expensive not only in time but also in 
equipment wear. For these reasons, this method can only be applied to simple tasks 
with simple robotic hands. 
In indirect task teaching method, a human operator teaches the robotic hand 
in a virtual environment. This virtual environment usually includes both the 
models of the robotic hand and the manipulated object. The operator can 
manipulate the object through the virtual robotic hand. The interface of the virtual 
hand and the operator is the input devices such as the keyboard and the instrument 
glove. This kind of systems can reduce the dimensionality of the robotic hand 
system in path planning, because the paths of the robotic hand can be obtained 
directly through the virtual system if the operator can perform the specific tasks, 
Arbib et al [18] proposed to utilize the concept of the virtual fingertips as a model 
for task representation. With this model, the degrees of freedom of the virtual 
fingers are limited to those of performing the task. Buss and Hashimoto [19], [20] 
introduced the Intelligent Co-operative Manipulation System to acquire 
manipulations for a robotic hand. In this system, the human operator wears a data 
glove with force sensors and interacts with the object in the virtual world, and this 
manipulation skill will be learned and stored in the skill database. Fuentes and 
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Nelson [21] have developed a generalization of virtual fingers as the way dealing 
with the redundant degrees of freedom of complex robotic hand system. 
In spite of advantages of the virtual environment, it is difficult to simulate 
the real environment. We never know the information about the real world 
completely. Furthermore, many of the physical motions such as the sliding and 
rolling are difficult to simulate even when we have their mathematical model, t i 
addition, many assumptions have been made in order to make the virtual system 
work. Therefore, it is hard to acquire the natural manipulation skills in such 
simulated environment. 
Among existing teaching methods, teaching by demonstration is considered 
the most natural method because a human operator can execute a task in his/her 
hand. Inaba et al [22], Kuniyoshi [23], Dceuchi and Suehio [24] have developed 
observation system to generate the assembly program from geometric 
understanding of information about mechanical parts acquired by computer vision. 
Kang [25] developed a system of grasping objects using multi-fingered robotic 
hands from demonstrations observed from computer vision. However, it is difficult 
to obtain the human dextrous manipulation using the existing systems such as 
computer vision. The applications using this teaching method are limited to simple 
tasks with simple robotic hands. 
It should be noted that some non-model-base approaches have been 
developed based on task primitives [26], [27], [28], [29] and grasps functions [30], 
[31]. However, the design of the task primitives, and classification of grasp 
function are difficult. 
1.2 Problem Definition and Approach 
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In the existing method of teaching by demonstrations, systems can only 
deal with simple tasks such as assembly and grasping with simple robotic hands. 
This thesis proposes a new system that allows human operator to teach dextrous 
manipulation tasks directly by his/her hand. We will develop an algorithm to 
extract the contact motion between the human fingers and the manipulated object 
from the demonstration. 
Consider a manipulation demonstrated by a human operator wearing a 
measurement glove. Assume that the kinematic model of the human hand and the 
manipulated object are available. The positions and orientations of human fingers 
can be calculated from the measurement data of the measurement glove based on 
the kinematics of the human hand. Furthermore, assume that the manipulated 
object is a polyhedron, and at least three fingers grasp the object at the initial and 
final sampling time instants of the demonstration. In addition, there are at least two 
fingers to grasp the object at two surfaces at the remaining sampling time instants 
without dropping the object. With these assumptions, we calculate the contact 
motion between the human fingers and the object from the demonstrated 
manipulation tasks. 
In fact, calculating the contact motion from human finger motions 
measured is a five-dimensional problem (four dimensions of contact and one 
dimension of time). An algorithm is proposed to solve the problem. This algorithm 
works based on the search-tree, in which a data node and level represent a contact 
configuration and a sampling time instant of the demonstration, respectively. The 
contact motion can be detected by finding a path from the node corresponding to 
the contact state at the initial sampling time instant to that corresponding to that at 
the final sampling time instant. 
The graph-searching algorithm used in this thesis is the best-first search. In 
this searching algorithm, we need to specify the root node of the tree as well as the 
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expected final contact configuration to construct the cost function to guide the 
search heuristically. However, both the contact configurations can not be obtained 
directly because we have not the information of the positions and orientations of 
the manipulated object. For this reason, we divide the algorithm in this thesis into 
two parts. The first part calculates the entire possible contact configurations at the 
initial and final sampling time instants of the demonstration. Then, the contact 
configuration corresponding to the root node and the desired final contact 
configuration can be chosen from these contact configurations. The second part is 
to calculate the contact motion using the graph-searching algorithm. 
In the initial and final sampling time instants of a demonstration, we can 
see which fingers grasp the object at which surfaces of the object. Analytical 
methods can not be applied to find these contact configurations due to the 
limitation of input data. Instead of these methods, an efficient geometric method is 
proposed. The proposed algorithm computes all the possible sets of contact points 
on the fingertips and the positions and orientations of the object. With these 
contact points and the positions and orientations of the object, the contact 
configurations at the initial and final sampling time instants are obtained. From the 
contact configurations, we can select the contact configuration corresponding to 
the root node of the search-tree and the desired final contact configuration. 
After determining the root node and the cost function, we begin to search 
the path from the root node to the node corresponding to the final contact 
configuration. When the most promising current node is determined with the cost 
function, we should try to find out its child nodes at the next level. To reduce the 
search space, we analyze the problem in the contact spaces. We first predict the 
regions that can be reached at the next sampling time instant from the contact 
configurations at current sampling time instant. To do this, we need to predict the 
accelerations of the contacts will occur between current to next sampling time 
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instants. In addition, the velocities of contacts at the current state are calculated 
using Montana's contact equations. Together with the sampling time, the reachable 
contact regions can be estimated. Then, we will obtain a number of sets of contact 
points by discretizing these regions. Their corresponding contact configuration can 
be calculated from the sets of contact points using geometric methods. Using this 
technique, we can deal with the nodes at all levels until we find the path from the 
root node to a node at the final level. The simulation and experimental examples in 
Chapter 5 illustrate the validity of the algorithm. 
1.3 Outline 
This thesis consists of six chapters. In Chapter 2, we will make a brief 
description of the algorithm and its details will be discussed in Chapter 3 and 4. 
The method for calculating all possible contact configurations at the initial and 
final object poses will be presented in Chapter3. Then, Chapter 4 describes the 
algorithm for calculating the contact motion. Chapter 5 presents the 
implementation and the simulation and experimental examples. Finally, Chapter 6 





This chapter outlines this algorithm. First, we will make several 
assumptions about the object and human fingers to simplify the problem. Then, we 
will brief the algorithm of calculating the contact motion between the object and 
the human finger from the finger motion measured. 
2.2 Assumptions 
In order to simplify the problem, we assume that: 
• The manipulated object is rigid and is neither deformable nor elastic. 
• The object is a convex polyhedron, represented by the boundary 
representation. 
• The fingertips are rigid. In general, the deformation of the fingertips is not 
large compared with the size of the object. 
• Each fingertip is composed of a hemisphere connected with a cylinder and 
the legal contact region is restricted on the front of the hemisphere. This 
assumption will simplify the calculation of the contact configurations. 
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• At the initial and final sampling time instants of the demonstration, at 
least three contact fingers grasp the object at three different surfaces of the 
object to form stable grasps. Furthermore, at least two fingers grasp the 
object to avoid dropping it from the human hand at the remaining 
sampling time instants. 
• No finger and object motions are allowed at the initial sampling time 
instant of the manipulation demonstration. With this assumption, we can 
predict the contact regions in the parameter space of the surfaces on the 
fingertips and object from the initial to final sampling time instants. 
2.3 Object Model 
v<g g j j V7 
V 5 ^ ^ ^ ^ ^ ^ : i y ^ 
^9 
g 3 
'J 乂、 e y ' 
. x y< 
^ ^ v2 
Figure 2.1: Manipulated object model 
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A good model for representation of the object can reduce the error caused 
by the object shape and increase the efficiency of the operation of the algorithm. 
Since the object used in this project is a polyhedron, it is perfect to represent this 
class of objects with a polyhedral model (shown in Figure 2.1). Using this class of 
models, we model an object with faces. In the case of the polyhedral shape data 
stored up by the Boundary Representation scheme [32], it can be divided into two 
types of models: the vertex-based model and the edge-based model. In this thesis, 
the information of faces of the object is useful to the calculation of contact 
configuration. Thus, the edge-based model is employed because each face of the 
polyhedra can identify the adjacent faces directly from the information of its 
bounding edges using this method and Table 2.1 illustrates the data structure for 
this kind of model. 
edge e, e, e, e. e, e, e, e, e, e,„ e,, e,, 
vert/«i’ R ^^  V, V, V, V, V. V, V, V, V� V. V, V� V. V, V, V. V, V� V. V, V, V, 
vertex v, v, v, v, v, v. v, v, 
coordindate � �y ^ 1� x, y, z: X，y, z, x‘ y, z. X, y, Z, X, y, Z. X，y, z, x,�z. 
face f , /： /' / /' /. 
edges e, e, e, e, e, e, e, e, e,o e，e, e, e,, e, e, e, e,, e, e, e, e,, e,, e,�e, 
Table 2.1: Data structure for edge-based model 
2.4 Hand Model 
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The CyberGlove is used in this study as a data acquisition device and has 
22 sensors to capture the motions of the physical hand and fingers. The sensors are 
mounted at the back of the glove near the joints of hand. The glove is made of 
some flexible material so that it can fit to the average size hand. Figure 2.2 shows 
the kinematic hand model of the CyberGlove and its joints are defined as follows: 
MPJ = Metacarpophalangeal Joint. This is the joint where the finger connects to 
the palm. 
PIJ = Proximal Interphalangeal Joint. This is the next joint out toward the 
fingertip from the MPJ. 
DU = Distal Interphalangeal Joint. This is the outermost joint, i.e. nearest the 
fingertip. 
TMJ = Trapeziometacarpal Joint. This is the joint where the thumb connects to 
the palm. 
From this figure, we can see that there are three bend sensors on each of the five 
fingers on the glove. On the thumb, there are two sensors that measure the MPJ 
and the U. On the remaining four fingers, there are three bend sensors to measure 
the MPJ, proximal U (PU) and distal U (DU). In addition, four abduction sensors 
are placed between the five fingers to measure the angle between any two 
consecutive fingers. The other sensors are attached on the back of the glove to 
measure the arc of the palm. All of the sensors on this CyberGlove are extremely 
flexible so that we can move our hand without difficulty while wearing the glove. 
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Figure 2.2: Kinematic model of CyberGlove 
2.5 Measurement Data 
The output voltage of each sensor of the CyberGlove varies with the 
change in bend angle in the range from 0 to 255 units. The digitised output value 
(A/D_value) of bend angle can be conversed to the unit of degree by the following 
equation: 
Angle = Gain * (A/D_value - Offset) (2.1) 
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When the parameters of Offset and Gain for each sensor is fixed, the positions and 
orientations of joints of the hand can be calculated with the hand model by the 
technique of forward kinematics. In CyberGlove system, we can set the parameters 
of Offset and Gain to fit our hand and receive the sensor data from this data glove 
at 38400 baud. With the default hand model in this system, the positions and 
orientations of the five fingertips at each sampling time instant of a demonstration 
performed by a human operator wearing the CyberGlove can be calculated. 
2.6 Algorithm Outline 
The algorithm proposed in this thesis to calculate the contact motion 
between the object and the human fingers from the finger motions in a 
demonstration performed by a human operator is called Motion Calculation 
Algorithm (MCA) and is shown in Figure 2.3. 
There are three kinds of input data to this algorithm. The first is the 
geometry of the manipulated object, including the shape and size. The second is 
the sequence of the measurement data. The last is the information of the contact 
fingers and their corresponding contact faces of the grasped object at the initial and 
final sampling time instants, which is specified by the operator. 
This algorithm consists of two modules, one of which is to calculate all 
possible initial and final contact states between the object and the finger. Then the 
operator is required to select the initial and final contact states. With these two 
selected contact states, the other module can automatically search for a path that 
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Figure 2.3: System block diagram 
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Chapter 3 
Calculation of Contact States 
3.1 Introduction 
This chapter presents details of the algorithm for detecting the initial 
and final contact configurations between human hand and the object. The 
detection of the contact configurations is actually a contact location problem, 
which have been extensively studied in multi-fingered robotic hand in the last 
two decades. The difficulty of and the solution for the problem depend strongly 
on what kind of information available. For example, with a tactile sensor 
covering a fingertip, the contact point can be simply detected from the sensor 
measurement. When a force/torque sensor is mounted on the finger, Salisbury 
[33], Tsujimura[34], and Zhou [35] have shown that the contact point can be 
calculated by the force/moment measurement and the geometric model of the 
fingertip. It should be noted that these two methods could only calculate the 
contact point on the fingertip. In our problem, it is necessary to calculate the 
contact points on both the human fingers and the object. Furthermore, neither a 
tactile sensor nor a force sensor is mounted on the finger. Available are the 
measurement of the CyberGlove and the geometric model of human hand and 
the object. Therefore, the existing approaches can not be applied to our 
problem. As to be shown in the next sections, with the available information, 
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the solution for the contact points may not be unique. In this chapter, we 
propose an algorithm for calculating all possible contact configurations from a 
set of measurement data of the data glove. 
3.2 Problem Analysis 
An object in 3D space has six degrees of freedom: three translations 
and three rotations. If the object is constrained, some of its degrees of freedom 
will disappear. For instance, when a sphere is moving on a flat surface, it has 
two degrees of translation and three degrees of rotation. Besides the 
environment, the shape of the object can also affect the number of its degrees 
of freedom. If we change the sphere with a polyhedron, its has only two 
degrees of translation but no degrees of rotation. Therefore, more constraints to 
the object, the object have loss degrees of freedom. The geometric method used 
in this project is based on this concept. In this method, we find the object pose 
by putting enough constraints on the object and fix it in space. This raises the 
problem that how many constraints we should set on the object. We will 
discuss it in the following. 
In the previous chapter, the assumptions about the grasped object and 
the fingertips have made. The object is restricted to the class of polyhedron and 
the shape of fingertips is a hemisphere. The position and orientation of each 
fingertip can be calculated from the measurement data of the data glove. 
Together with the radius of the fingertips, we can write out all the equations for 
these fingertips. However, the position and orientation of the manipulated 
object are still unknowns. A 4x4 homogeneous matrix can be used to represent 
the object. Therefore, all the coefficients of planar equations depend on the 
twelve parameters of the homogeneous matrix. Actually, there are only six 
independent parameters since the matrix has six nature constraints. When a 
fingertip is in a contact with an object surface, they create two unknowns and 
three equations (one from the planar condition and two from the tangent 
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condition). To solve this problem, the sum of the unknowns must be equal to 
the number of equations: 
No. of object unknowns + No. of contact unknowns = No. of equations 
=> 6 + 2 ^ = 3« 
, (3.1) 
=> n = 6 
where n is the number contacts between the fingers and the independent object 
surfaces, eq. (3.1) illustrates that at least six fingers are required to grasp the 
object at different object surfaces to provide enough equations to solve for all 
parameters in the transformation matrix and calculate the contact points on the 
fingertips. However, human hand has only five fingers. Thus, there is no 
unique solution for this problem. 
To solve this problem, we need to reduce the number of unknown 
parameters in the equation system. We assume that at least three contact points 
are needed to grasp the object at the initial and final sampling time instants of a 
manipulation demonstration to build stable grasps. Then, we have nine 
equations and twelve unknowns. There are still three free variables left. To fix 
these three unknowns, we have to first determine three contact points on the 
three fingers which touch the object at three independent surfaces. Then, we 
have enough equations to solve for the solution. In the physical view, we also 
explain why we need to fix three contact points on three fingertips to make this 
problem tractable. When the three contact parameters are fixed, the object can 
not move because it lost all degrees of freedom. In the other wards, we have a 
unique solution. 
Although the number of the equations is enough to solve for the 
transformation parameters, the equations are highly non-linear and they are 
difficult to solve. This thesis proposes an efficient geometric method for the 
non-linear equations. The algorithm can calculate the contact points on the 
fingertips and the object position and orientation quickly and accurately. 
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three of f ingertips 
Calculate the position and orientat ion 
of the object -
Calculate the contact points on O t h e r  
f i n g e r s  
Slore the No ^ ^ ^ ^ ' ' " ^ s there any finger""''"""''"-^^ Yes 
c;^ntact - ~ < ^ m e r s e d into the o b j e c t > > “ Dropped 
conf igurat ion ^ < ^ J ^ > ^ ^ ^ 
^ ^ Have all the sets of ^  
^ % ^ n t a c t points been a n a l y z e d ^ ^ ^ “ 
Yes 
「 、 End 
V J 
Figure 3.1: Algorithm for calculating all possible initial and final 
contact configuration 
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Figure 3.1 shows the flow chart diagram of the geometric algorithm for 
calculating of all the possible contact configurations at the initial and final 
sampling time instants of a manipulation demonstration. To save time, we 
should provide the combinations of the contact fingers and their corresponding 
object surfaces at the initial and final sampling time instant because we must 
know which fingers grasped the object at which surfaces of the object at these 
instants. With this information, all the possible contact points on these 
fingertips can be calculated first. Each time, One set of contact points is picked 
out for computing the corresponding position and orientation of the object. 
Since only three of the contact fingertips are considered in the calculation of 
contact points, we need to find out the other contact points 6n the other 
fingertips because the number of the contact fingertips in the initial and final 
contact configurations may be more than three. If there is not any one of the 
other fingertips immersed in the object, the contact configuration can not be 
found; otherwise, the contact configuration should be formed. Both of the two 
sub-processes are performed in the process of calculating the contact points on 
the other fingers. Using this technique, we can calculate all the contact 
configurations at both the initial and final instants of the demonstration by 
analyzing all the possible sets of contact points on the fingertips. The details of 
these processes in the algorithm will be described in the following sections. 
3.3.1 Calculation of Contact Points 
Figure 3.2 shows the algorithm of calculation of possible sets of contact 
points on three fingertips of the fingers which grasp the object. In this 
algorithm, we discretize one of the three fingertips (the fingertip of the first 
finger) for discrete contact points. Each contact points can form a contact locus 
on the other one of the fingertips (the fingertip of the second finger) because 
the object has lost two degrees of rotational freedom and can move to contact 
the second in an arc called the contact locus. The possible contact points on the 
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Discretize the legal contact region on the 
fingertip of the first finger for discrete contact 
points 
Take one contact point from these discrete * 
points on the fingertip of lhe first finger « 
Build the contact locus on the fingertip of the 
second finger 
^ ^ ^ ^ " ^ ^ Docs thc locus pasK lhc ^  
^ ^ ^ < > ^ ^ lcgal con(acl region 7 ^ ^ ^ ^ ^ 
Yes 
Discretize the locus for discrete coniact points 
Take one contact point from these discrete  
points on the second fingertip 
Compute the corresponding contact point on the 
third fingertip 
Store the ^ ^ ^ - ^ ^ ^ ^^^^^^^^^^^^^ 
set of Yes ^^ *^ ^^  U Oiere any discrete coniact "^"""--^ ^ 
contact * ^ - - ^ ^ p o i n l on lhc lhird fingeriip ？ ^ ^ ^ _ , , . - ^ 
points ^ " " \ ^ ^ ^ ^ ^ ^ ^ ^ ‘ ^ 
^^-^"•^iJavc all the discreic contacT^^^^^^ No 
< C ^ poin(s on lhc fingeriip of lhe second J ^ > 1 
^"^^^^^f ingcr hccn analyzed? ^ ^ ^ ^ ^ ^ 
Yes 
^ ^ ^ ^ f i a v e all discrete coniac7^^^-^^^^ No 
< [ ^ poinU on the fingerilp of lhc firsl ^^ [ ]> — 
^^^^--L^fingcr bcen analyzed? ^ ^ ^ ' ^ ^ " ^ 
Yes 
^ End ) 
Figure 3.2: Algorithm for calculating all the possible sets of 
contact points 
fingertip of the second are obtained by dividing the locus. To fix orientation of 
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the object with each pair of contact points on the fingertip of the second finger 
and the fingertip of the first finger, the two object faces grasped by the two 
fingers must be non-parallel. Each pair of contact points determines the contact 
point on the fingertip of the third. Each set of the contact points determines the 
object position and orientation. In the followings, we discuss the details of the 
algorithm to find a successful set of three contact points: 
Step 1: To obtain uniformly distributed discrete points, we use some 
triangular patches with equal area to discretize the fingertip of the 
first finger (Finl) (Figure 3.3). The representative points of these 
*• yf^p::^f^*>^ y contact point (CP1) 
m 
Figure 3.3: Contact points on the fingertip of the first finger 
patches are their centers. Then, these discrete points on the front 
part of this fingertip are the possible contact points (CP1). The 
number of the discrete points depends on the precision required. 
Step 2: For each point (CP1) on the fingertip of the first finger, repeat: 
Step 2a: Calculate possible contact points on the second finger. Denote the 
faces of the object touched by the first finger by Facel and that 
touched by the second finger by Face2. Since the face Facel is in a 
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contact with the first finger, its normal must be equal to the normal 
vector of the finger at the contact point CP1. For the existence of 
the contact, the object can be rotate about the normal and translate 
on the plane that contains Face2. According to the rotation and 
translation, the contact points on the second finger will move along 
an arc (the contact locus) of the hemisphere. The points on the 
contact locus are the possible contact points to be calculated 
(Figure 3.4). 
<)1:奴.;>-—，..,’，.一….-:. .... i. -
L .�'. :.:;;.,!;.��’.�.:�:”:�'-'- • 
�..> ��,. .‘ ,�»'�'� |^:' • . . •‘ 
二 ‘ -.^  1/ Posel 
Face2 .-y-.,_ contactpoint(CPl)  
. . - P ^ ' ^ ^ . . Fa«l 
:••.:::::赛 ^ 
/ ‘••’‘ Facel ^ ^ g ^ ^ : sccondfingertip (Fin2) 
first fingertip (Finl) ^\^ 
Pose2'''-.. ,-,.‘. \ , 
• ,. contact locus 
... .•.•» 
Figure 3.4: Contact locus on the fingertip of the second finger 
A 
A / ^ cpi / 
厂 、 产 V 
fe^^z 
\ y y ^ the fingertip of the second 
\ ^ 夕 finger (Fin2) 
Figure 3.5: New coordinate frame for the fingertip of the second 
finger 
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To calculate the contact locus, we build a new coordinate frame on 
the second finger. The direction of the x-axis is parallel to the 
normal of the Facel while that of the z-axis is parallel to Facel. 
Then, the y-axis is the cross product of the x-axis and the z-axis 
with the principle of the right hand rule. 
X 
\ • Lj Contact locus 
( ^ ( ^ 
V _ ^ �r" L • 
y • 
the xz-plane the xy-plane 
Figure 3.6: Plane coordinate system for calculating the contact locus 
Figure 3.6 shows two planes of the new coordinate frame that are 
used to calculate the contact locus on the second finger. In this 
figure, Li and L2 are the projection lines of the Facel and Fac2 in 
the xz-plane, respectively. A and B are the ends of the contact 
locus. 0 and 0 are the angles between the line from A or B and the 
z-axis in the xy-plane, and between Li and L2 in the xz-plane, 
respectively. L, r and R are the shortest distance between the point 
CP1 and the yz-plane, the shortest distance from the contact point 
of the Li and the second finger to the yz-plane, and the radius of 
the fingertip, respectively. From this figure, we have the following 
equations: 
The fingertip: JC^  + z^ = R^ (3.2) 
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The slope of L2: z = xtan6 (3.3) 
From eqs. (3.2) and (3.3)，we can determine the value ofx which is 
equal to r. And, on the right part of Figure 3.6, we can have: 
(^> = t an (^ r r (Z? - r ^ ) / r ) . 
Then, two ends of the boundary of the locus with respect to the new 
coordinate frame are obtained: 
A = (r , rcos(7T / 2 - 0)，rsin(;r / 2 - ¢)) 
B = ( r , - rcos(7T / 2 - ¢), rs in( ;r / 2 - 0)) (3.4) 
Step 2b: Discretize the contact locus and transform all of the discrete points 
back to the original coordinate frame of the fingertip. The discrete 
points being out of the legal region of the fingertip should be 
eliminated and one of the remaining discrete points (CP2) is taken 
to calculate the third contact point on the third fingertip (Fin3) each 
time. 
Step 2c: For each discrete point (CP2), calculate the third contact point on 
the third finger. Let n,，fi! and fi^  be the unit normal vectors to 
Facel, Face2 and Face3 respectively. The fi^  and fi^ are 
determined because the contact points on the first and second 
fingertips have been found at the previous steps. The relation 
between the three normal vectors of the three contact faces of the 
object is: 
/z, . /23 二 cos0,3 
fi^ ‘ «3 = cos023 (3.5) 
where ^. is the angle between the /th face and the ;th face. 
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For convenience, let fi. = [a,. b. c- J and /=l,2,3. Then, 
rearranging eq. (3.5) yields: 
a,a3 + bp^ + C,C3 - cos0,3 = 0 
a^a^ + bJ)^ + C2C3 - cos023 = 0 (3.6) 
It is clear that the two planes in eq. (3.6) intersect each other to 
form a line which is perpendicular to both the normals of these 
planes. Thus, the parametric equations of this line is: 
a^ = t 
'b,=(A/E)t + B/E (3.7) 
c^(S^IE)t + DIE 
c, a, cos0i3 c, b, a, 
where A= , tf= ^ ， C = , , 
C2 «2 cos023 2^ 2^ «2 
cos0,o b, ^ b^ c, . 
D = ， E = 本 0 and t is a parameter. 
COS023 ^2 ^2 ^2 
Since ri^  is a unit vector, we can express it as: 
a] +hl+c]=l (3.8) 
Substituting eq. (3.7) into eq. (3.8) and rearranging the result 
yields: 
(A' + C ' + E^)t + 2{AB + CD)t + B^ + D ' - E^ = 0 (3.9) 
LetA = {2AB + 2CDf - 4(A' + C ' + E^){B^ + D^ - E'). If Ais 
larger than zero, the eq. (3.9) will have two solutions. We should 
select the one, which can make face3 to build the object with the 
other two object surfaces (facel and face2). If A is smaller than 
zero, there will not have any reasonable solution for this real 
application. In that case, these three normal vectors cannot used to 
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determine the object pose and anther contact combination should 
be tried. When we have found a suitable parameter t, the n, can be 
solved by putting it back to the eq. (3.7). 
Let the center of the sphere representing the third fingertip be 
(^3c')'3c'^3c)- Then, the equation of this sphere and its normal can 
be written as: 
(X - X3c)2 + iy - 3^ 3c)2 + iZ 一 Z3c)' = ^2 (3.10) 
" ^ - ^ 3 c " 
R 




Since the normal of the third fingertip at the contact point is 
parallel but inverse to that of the third face of the object, we can 
rewrite eq. (3.11) as follows: 
^ = -«3 
^ — ^30 
-:3] A � � .12) 
=^ h = - 丁 
3 � Z-Z30 
R 
Rearranging eq. (12)，we have the third contact point: 
X X 3 ^ 一 Ra^ 
y = y3c_^3 (3.13) 
_ z J L ^ 3 c - ^ ^ 3 . 
25 
step 3: The algorithm ends. 
3.3.2 Calculation of Object Orientation and Position 
The algorithm of calculating the object position and orientation from 
the information of a set of the contact points computed in CPA is called OPA. 
This algorithm is designed to compute the orientation and location of the 
object, independently. In fact, this algorithm can be applied to deal with not 
only the polyhedral objects but also those with arbitrary shape. 
3.3.2.1 The Object Orientation 
z•�.......•......•........ 
, , z . .....•••••.•.•..•....................� 
\ . . JL ,.z^ ^^ ^ 
r , ••••••••••...••z(, x„_....---' face2 i 
F-1 ^ ,P\<.‘- y.2 I ^ i ^ r 如 ^^i|>r 切 1 ,...》《 ^ ^ . . \ 
.：••• ZFI w ^fil ^F2-y 





Figure 3.7: Coordinate systems for calculating object orientation 
In this sub-section, we will describe how to find the orientation of the 
object. The information of the two contact points on two fingertips of the first 
and second fingers that grasp the object at the two non-parallel faces is enough 
to compute the orientation of the object. In Figure 3.7，we can see the relation 
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between the coordinate reference frames of the fingertip and object and write 
the following matrix equation: 
w R , w R Z R , / % (3.14) 
where 
乂 ： 3x3 rotation matrix describing the object reference coordinate 
frame (Xo, y(,, Zo) with respect to the world coordinate frame(jc»v� 
}\v，Zw)' 
^Rffi ： 3x3 rotation matrix describing the local contact coordinate 
frame (x/u, y/u, Zfti) on the fingertip with respect to the world 
coordinate frame. 
� F i : 3x3 rotation matrix describing the coordinate frame (x^i, yri, 
Zf\) of the first face (Facel) of the object with respect to the 
local contact coordinate frame on the fingertip. 
尸1及。:3x3 rotation matrix describing the object reference coordinate 
frame with respect to the coordinate frame of the first face of the 
object. 
From the above equation, we note that ^R^ only depends on ^'/?^, 
because 乂】can be obtained from the information of the first contact point 
and F\Ro is determined with the object geometry beforehand. Let …及別 be the 
rotation matrix of the coordinate frame (xp2, yn, ZFi)of the second face (Face2) 
of the object with respect to the coordinate frame of the first face of the object. 
Further, let n^ be the normal of the second face of the object relative to the 




'n^~\ �COS0 - s i n 0 0 rij^ 
=> riy = sin0 cos6 0 n^y (3.15) 
n 0 0 1 «2, 
_ Z «J L J t " ‘ mJ 
where 0 is the angle between the x-axis of the first face of the object to that of 
the local contact coordinate frame on the first fingertip. If the first and second 
faces of the object are not parallel, the values of ri2^  and �m u s t not be zero 
simultaneously. Then, we can have the solution of eq. (3.15) as follows: 
^ « . « 2 . + « v « 2 , 
COSU = 2 2  
"2,+"2), 
(3.16a) 
. . n n^,-n^n^ 
sm6 - - ^ 2— 
^2x+^2y 
Solving this equation, we obtain: 
/ n y n ^ , - n ^ n . ) 
e = tan"' - ^ ~ " — (3.16b) 
� � , « 2 x + " , " 2 ) ,� 
Now, the orientation of the object will be obtained by substituting eq. (3.16b) 
into eq. (3.14). 
3.3.2.1 The Object Position 
Three contact points on the contact fingertips calculated in CPA 
provide three points and normal vectors of the faces of the object, at which the 
three fingertips grasp the object. With this information, the equations of these 
faces are also obtained. Since the distance from the origin of the coordinate 
frame of the object to each object surface is known, then we can translate each 
contact object surface in the direction of its normal with the distance to form a 
new plane through this origin. Figure 3.8 illustrates the construction of these 
contact object surfaces and the new planes. 
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Figure 3.8: Intersection of new planes 
Let Di, D2 and D^ be the distances between the origin of the coordinate 
frame of the object, and Facel, Face2 and Face3 respectively. Assume the 
equations of Facel, Face2 and Face3 are: 
a^ x + b^ y + c^ z + d^  =0 
< a^x + b2y + c^z + d2=O (3.17) 
a^ x + b^ y + c^ z + dj =0 
and the new planes can be write as follows: 
a^x + b^y^c^z + d^  - D , = 0 
< a^x + b^y + c^z + d ^ - D ^ = 0 (3.18a) 
a^x + b^y + c^z + d^ - D ^ = 0 
Since the terms (di-D\), (d2-D2) and {d3-D3), eq. (3.18a) can be rewritten: 
a^ x + b^ y + c^ z = 0 
< a2X + b2y + c^z = O (3.18b) 
a^ x + b^ y + c^ z = 0 
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Then the coefficient and augmented matrices of the system of three new plane 
equations are: 
-“，^ 1 叫 卜 b, c, 0" 
^2 ^2 ^2 and ^2 h c^ 0 ’ respectively. 
a, b, C3J k h 3^ 0 
For any three planes, they will (1) have a single points in common if and only 
if the rank of the coefficient matrix is 3; (2) have a single line in common if 
and only if the ranks of the coefficient matrix and the augmented matrix are 
both 2; (3) be coincident if and only if the ranks of the coefficient matrix and 
the augmented matrix are both to 1; (4) have no point if and only if the ranks of 
the coefficient matrix and the augmented matrix are unequal. In our case, at 
most of two of the three faces of the object with polyhedral shape are parallel. 
Thus we can encounter Case(l) and Case(2). The three planes will intersect to 
form ether a point or a line. Then the location of the object equal to the point or 
located on the line. 
a, h, c, D,-d, b � c , 
Let A 二 « 2 ^ c^ ’ A^ = / ¾ - d^ b^ c^ 
«3 h 3^ A"^3 3^ C3 
a, D , - d , c, a, b, D , - d , 
A), = fl2 A - ^ 2 ^2 ， ^ z = ^2 K A - ^ 2 . 
a, D,-d, C3 a, b, D,-d, 
If A 本 0 (three non-parallel planes), then, the intersection point is equal to 
^ - ^ ^ and this is the location of the object. 
U ' A A j 
However, this method can not work when two of the planes are parallel 
sinceA = 0 . At that time, the three planes will form an intersection line, where 
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the object may locate. In this case, we are necessary to take some sample points 
on the line for representing the possible object location. Before doing this, we 
must know where the object location will be. Figure 3.9 gives us the answer. 
The region AB of the line is the possible object locations. In addition, the 
length of AB should be the double of the maximum wide of the two parallel 
object faces. Thus, if the point M between the two faces is fixed, the region is 
also determined. To find the point M, we need to build a plane through the 
contact point of the fingertip which grasp the object at the two parallel faces 
and its normal is same to that of intersection line. The point M will be the 
intersection point of the plane and the intersection line. From this point M, the 
points A and B are also calculated. Then the possible object locations are the 
discrete points on the intersection line with the region AB. 
Intersection Line ..� 
P(^^xS 
A^^^' 
Figure 3.9: Location region for two parallel faces 
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3.3.3 Contact Points on Other Fingers 
During calculating the object transformation matrix, only three of 
contact fingers are concerned. However, there may be more three fingers that 
grasp the object at the initial or final sampling instants. Therefore, we need to 
find out the contact points on the other fingers. In addition, we have to check 
whether the sets of the calculated contact points and the object positions and 
orientations can build successful contact configurations. For example, if any of 
the other contact fingers immerses into the object, a successful contact 
configuration can not be formed. 
� - — . 
Position2 (contacting) 
Virtual Object / 
^ ^ 
.••••. 丨 •••  ： 
Z..丨 Z. i 
••、• *.^.' ： ： ： ： ： 
I ： i ： 
i ^ f e ^ 
/ Real Object 
Positionl (immersed) 
^ ^ ^ : Sphere (representing a fingertip) 
Figure 3.10: Cases of collision 
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In this project, we use a simple detection method to detect whether a 
fingertip immerses into, or contacts on or separates from the object. In this 
method, we need to create a new virtual object by expanding the manipulated 
object by the radius of the fingertips along the normal directions of the object 
faces. In addition, all the normal vectors of the object faces are outward. Figure 
3.10 shows the virtual object and three positions of a fingertip represented by a 
sphere. In fact, the three different positions of the sphere can represent three 
cases of collision. Since there must be some errors caused by the computation 
or the discretization of the contact points, it is difficult to obtain accurate data. 
For this reason, we should allow a successful contact between the object of the 
fingertip to exist in or out of the object a little bit and a threshold value is 
needed to be set. 
When the sphere is located at Positionl, all distances between the 
sphere center and the virtual object surfaces have the negative sign and all the 
absolute values of the distances are larger than the threshold value. In this case, 
the fingertip is immersed into the object. It means that the contact 
configuration does not exist. 
If the sphere positions at the Position2, only one of the absolute value is 
smaller than threshold value. In addition, there is at most one distance that is 
positive. For this case, there may be a contact between the object and the 
fingertip. At that time, we need to find out the possible contact point on the 
sphere and check it whether on the legal contact region of the fingertip. The 
possible contact point is easy to compute because it is the point on the sphere, 
which normal is parallel to that of the contact object face. If the possible 
contact point is located in the legal region, we can say that it is a successful 
contact point between the fingertip and the object surface should be recorded. 
For last case, the sphere is locating at Position3. ]n this case, at least 
one distance value is positive and this value should be larger than the threshold 
value. Then, we can say that the fingertip is at the outside of the object. 
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Chapter 4 
Calculation of Contact Motion 
4.1 Introduction 
In this chapter, we will describe the detailed contents of the algorithm 
for calculating the contact motion between the object and the human fingers. In 
the beginning, the proposed search-tree is discussed, and then we will show the 
cost function that guide the tree searching heuristically. In addition, the method 
of estimating the contact regions in parameter domains and building the child 
nodes of the search-tree from a parent node will be also presented. Finally, we 
will discuss the calculation of the contact motion for each sampling time 
instant. 
4.2 Search-tree 
Calculation of the contact motion between the object and fingers from 
the finger motions is a four-dimensional problem (three dimensions of contact 
space and one dimension of time). For determining an object position and 
orientation, we have to first determine two contact points on two fingers. 
Discretizing the surface of one of these fingers for one contact point is a two-
dimensional problem. With the discrete contact point, the second contact point 
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on the second finger can be calculated using the relation of object geometry 
and this process is one-dimensional problem. With these two contact points, we 
can find the third contact point on the other one contact finger. Then the set of 
contact points can determine the object position and orientation. The other 
contact points on the remaining contact fingers are also calculated. With the 
information of contact points on fingers and object position and orientation, the 
contact configuration is obtained. To find the contact motion is to trajectory 
that link up each contact configuration at each sampling time. Therefore, 
together with the factor of time, the problem to calculate the contact motion 
between the object and fingers is a four-dimensional problem. 
Finding a suitable trajectory of contact configurations in such high 
Q • Initial Level 
[ T ^ ^ ^ ^ ^ ^ ^ ^ 
^ ^ ' ^ ^ ^ ^ ^ ^ ^ 3 ^ tf^^^^^^^^ 
• Node: Representing one contact 
• configuration (state) 
i Level: Representing one sampling 




Q ^ p ^ Q ^ ^ j T r r T T T Q ^ ^ Q • Finial Level 
Figure 4.1: Search-tree 
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dimensional space is a challenging task. To solve this problem, an algorithm is 
developed based on a search-tree, in which a node and level represent a contact 
state and a sampling time instant (see Figure 4.1). For making the algorithm 
more efficient, we apply the best-first search, to search the path from the initial 
to final sampling time instants. In this searching algorithm, we need to design a 
cost function f , which will be discussed at the next section, to guide the 
searching more efficient. 
We adopt the best-first algorithm to search for the contact motion. From 
these competing current candidate nodes, the algorithm always selects the one 
that is the most promising node with the lowest value of the cost function. The 
cost function used in this algorithm will estimate the cost of a best solution 
path from the start node to the goal node. 
4.3 Cost Function 
To save the computational time, the cost function used in this thesis is a 
quadratic function that estimates the cost of a contact state by comparing this 
contact state with the expected final contact state: 
/ ( X ) = X ^ W X (4.1) 
where X is a vector, and W is a square matrix with the diagonal form. Let {x, 
y^  力 and (a, p, i) be the location and orientation (Euler angles) of the 
manipulated object, respectively. Then, the vector X is: 
X_Xe 
y-ye 
X= 1一1' (4.2) 
a-a^ 
P-Pe 
r - 7 e . 
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where (Xe, y>e, Ze) and (jXe, Pe, Ye) are the expected final location and orientation 
(Euler angles) of the manipulated object selected from those calculated in the 
algorithm of calculating all the possible initial and final contact configurations, 
respectively. 
Let (Wx, Wy, Wz, Wa, Wj3, Wy) are the weights for the parameters {x, y, 
z, a, P, f ) and we have: 
"w^  0 0 0 0 0 “ 
0 w^  0 0 0 0 
0 0 w, 0 0 0 
^ = 0 0 0 w„ 0 0 (4.3) 
0 0 0 0 Wp 0 
0 0 0 0 0 Wy 
From eq. (4.3)，we can see that Wp = (Wx, w” wJ are the weights for the position 
parameters (jc, 3^ , z) and w�= (Wa, wp, Wy) are the weights for the orientation 
parameters (a, p, y). 
4.4 Details of Algorithm 
Figure 4.2 show the flowchart of the algorithm for calculating the 
contact motion between the object and the human fingers. In this figure, we can 
be see that the input data include the object geometry, the trajectories of fingers 
and the selected initial and final contact configurations from these possible 
contact configurations at the initial and final instants of the demonstration 
calculated using the method presented in the previous chapter. We need to 
create a data node at the first level of the search-tree (root node) to store the 
initial contact configuration. With the information of this node (parent node), 
we can calculate the possible contact configurations at the next sampling time 
instant and create new nodes (child nodes) to carry these contact configuration. 
The calculation of these possible contact configurations is done in the process 
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Figure 4.2: Flowchart of searching the contact configuration 
trajectory 
denoted by "CNA，，shown in this figure. If the parent node can generate its 
child nodes, they are evaluated by the cost function. The most promising 
current candidate child node is selected to be a parent node to produce its own 
child node at the next level each time. If the parent can not produce any child 
node, it means that the parent is not on the path from the start node to the goal 
node and should be deleted to save the memory in computers. Then, some 
other candidate node at the same level of the parent node that becomes more 
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promising is taken to be a new parent node. If there is no remaining candidate 
node at this level, we should go back to the upper level to select the other 
candidate nodes. When the searching reaches the final level of the search-tree, 
the contact configuration that has the lowest value of the cost function should 
be chosen to compare with the selected final contact configuration. If this 
contact configuration with lowest value is same to the selected final contact 
configuration, it means that we have found a suitable contact configuration 
trajectory: otherwise, we should go back to the upper level of the search-tree 
for further searching. 
4.4.1 Calculation of the Next Instant Contact States 
The algorithm (CNA) shown in Figure 4.3 is proposed to calculate the 
possible contact configurations at the next sampling time instant from a contact 
configuration at the current sampling time instant. In Chapter 2，we have made 
the assumption that at least two fingers grasp the object at two different faces 
of this object at all instants, except the initial and final instants. From the 
information of a contact configuration at the current instant, we can assign two 
of these contact fingers as the first and second fingers and the contact faces of 
the object as the first and second faces. The possible contact regions in the 
parameter domains of these contact fingertip surfaces and object faces at the 
next instant can be estimated from that at the current instant by predicting the 
changes of contact velocities in these two instants. The details of the estimation 
of these contact regions will be discussed in the next section. Then, 
discretizeing these regions will provide contact points. However, not all the 
contact points on the fingertips and object faces can generate successful contact 
configurations because some of the contact points that may not satisfy all the 
geometric constraints. Therefore, we need to select the contact points that 
satisfy the geometric constraints to compute their corresponding object 
positions and orientations. As to be done in previous chapter, for each set of the 
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Figure 4.3: Flowchart of algorithm CNA 
contact points, we also need to find the contact points on the other fingers and 
check whether this set of contact points can produces a successful contact 
configuration with its calculated object position and orientation. The processes 
used in this algorithm are same to those in Section 3.3.3. If the object with this 
position and orientation can pass the detection, we can say that the object and 
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the human fingers at the next sampling time instant can build a contact 
configuration. Using this method, we can calculate all contact configurations at 
the next sampling time instant generated form the one at the current sampling 
time instant. 
4.4.1.1. Contact Region Estimation 
In this section, we will discuss the prediction of the contact regions for 
these fingertips contacting the object at the next sampling time instant from the 
information of the contact configuration at the current instant. With the contact 
information at the previous instant, we can always find the velocities of the 
contact points in the parameter domains at the current instant if the contact 
keep continuous in these two instants. At the next instant, we can find two of 
the fingers that keep contact with the object. The details of selection of these 
two fingers will be discussed next section. For these fingers, we can predict the 
possible contact region in the parameter domains that can be reached at the 
next instant from the contact configuration at the current instant by guessing 
their accelerations during the two instants. 
Why do we analyze the calculation of the contact configurations from 
the current sampling time instant in the parameter space of the fingertip and 
object surfaces? In fact, the most straightforward method is to predict the 
possible region that the object will be located. Then, discretizing the region 
will give out the possible object positions and orientations and their 
corresponding contact configurations can be found with the information of the 
configuration of the human hand at the same instant. However, it is very 
difficult to do that because there are six parameters to express the object 
position and orientation. To make this problem tackle, we calculate the contact 
configurations from the parameter space of the fingertip and object surfaces. 
Although it needs more computation steps, it reduces the number of this 
problem dimension to be four. 
41 
There are three elemental contacts between two rigid bodies and they 
are the fixed contact, sliding contact and rolling contact. For the case of a fixed 
contact, the velocities of contact between the object and the fingertip are zero. 
However, the sliding contact, rolling contact and their combinations will 
produce motions of the contact points. During a manipulation, we often change 
the type of contact to achieve a task. Its means that there will be changes of 
velocity from time to time. Therefore, one better way to predict the region on 
the fingertip is to predict the possible maximum and minimum accelerations of 
the contact point on the fingertip and object will occur at the next instant. From 
the velocities of contacts at the current instant and the prediction velocities of 
contacts at the next instant, we can construct proper possible contact regions 
for contact points on fingertips and the object. 
Consider a finger have been contacting the object from the previous 
sampling time to the next sampling time instant. Let u(^-l) and u(^) be the 
contact points in the parameter domain of the contact surface of the finger (or 
the contact surface of the object) current sampling time instant. Then, the 
velocity of the parameter contact is: 
_ «1i3,e⑷=(u(A) -u(k - l))A, (4.4) 
where tg is the sampling time. With this velocity, we can predict the velocity 
using the maximum and minimum accelerations of contact parameters of 
fingertips (or object). 
We can control the change of velocity of the contact point by adjusting 
the magnitude or direction of acceleration. Let a ^ = ( « „瞧 , a _ ) and 
a— = («„.min，flv.min) t>c thc maximum and minimum accelerations that we need 
to set for estimating the possible contact region on a fingertip (or the object). 
Then, the possible velocities of contact on the fingertip (or the object) at the 
next instant, which can construct the corners of the possible contact region, are: 
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Ul(/: + l) = k a x ( ^ + l X v _ ( ^ + l)) 
u2(/: + l) = (M,,,(^ + D,V^n(/: + l)) 
/ 、 (4-5) 
u3(^ + l) = (M i^„(/: + l),v^„(^ + l)) 
u4(^ + D = (M,iJ/: + l ) , v _ ( ^ + l)) 
where 
"丽 ( & + 1) = " ( & ) + «",腿 x~ 
w™„ {k + X) = u{k) + a^ ^,, xr, 
•max (^  + l)=V(^)+^.,.ax X^ 
v^n ( “ l ) = ( ( ^ + «v,- xr^  
Then, the locations of corners of the possible contact region at the next instant 
(shown in Figure 4.4) are: 
VLl{k +1) = u(^)4- Aul = u(^)+ [{ul{k +1) + ii(/:))/2>,， 
u2(k +1) = u(^) + Au2 = u(k) + [(u2(^ +1) + u{k))/2}^， 
r/ �n (4.6) 
u3(k +1) = u W + Au3 = u(^)+ [(u3(^ +1) + u(k))/lX， 
u4(k +1) = u(^) + Au4 = u(^) + [(u4(^ +1) + u(A:))/2X. 
From eq. (4.6)，we can note that the size and the location of the 
possible contact region are depended on the velocity of contact at the current 
state and the predicted velocities of contact at the next instate. The changes of 
velocities between the two instants are produced by the maximum and 
minimum accelerations you choose. In fact, the accelerations should be chosen 
based on the real manipulation. If the chosen accelerations are smaller than the 
real acceleration occurring in the manipulation demonstration, we will never 
generate a suitable contact configuration trajectory. If the accelerations are 
chosen much larger than the real ones, the computational cost will increase or 
an inaccurate trajectory will also be obtained. Therefore, the chosen 
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Figure 4.4: Possible contact region 
There are three cases of the location of the possible contact region. The 
first one is the whole region exist in the legal contact region of a fingertip. The 
second one is that a part of the possible contact region is out of the legal 
contact region and it should be rejected. The last one is that the entire possible 
region is located at the outside of the legal region. In this case, it means that the 
real contact point on the fingertip at this current sampling time instant of the 
manipulation does not include the contact point predicted in this instant and it 
should be dropped. 
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After having calculated the possible contact region for a fingertip or the 
object, we need to discretize it for discrete contact points (shown in Figure 
4.5). 
discrete contact points 
^ (center points of patches) 
legal coAtact region . 
I . . - - - . - - . - . . . g ^ . . . . . . I 
J ^ , 
possible contact region at 
the next sampling time instant 
Figure 4.5: Discrete contact points 
4.4.1.2 Contact Point Calculation 
We have mentioned before that there must be at least two fingers 
grasping the object at two faces at every time instant, for a normal 
manipulation. If there are more than three fingers grasp the object at the current 
sampling time instant, we should be to find out which fingers will depart from 
the object at the next sampling instant and they are not suitable to be taken to 
find out the possible contact regions. The process below is proposed to solve 
this problem. 
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For normal manipulation, a departing finger will produce a significant 
distance from the object in several sampling time instants. The number of the 
instants depends on the manipulation speed. If the higher is the manipulation 
speed, the less number of the instants is required. Since we do not know where 
the object will be in future, the exact distance will not be computed. However, 
we can calculate the approximate distance from the velocity of the object at the 
current instant (the 她 instant) and position of the finger after n instants (the 
(k+n)th instant). Then, we can write the equation used to find the distance: 
D=-vJ,n +1|(7, (k + n)-%. ( ^ ) | (4.7) 
where ^V^ is the velocity of the object, n is the number of state, and ^Pj(k) 
and ^Pj(k+n) are positions of the finger at the A:th instant and the (k+n)ih 
instant, respectively. Figure 4.8 shows an example of the grasps at the kth 
instant and the (k+n)th instant. In this figure, we will realize that the finger4 
will depart from the object and should have the maximum distance calculated 
from eq. (4.7). Then, we also obtain the two fingers that have the minimum 
distances. 
For convenience, we denote these two fingertips and object surfaces be 
the first fingertip, second fingertip, first object surfaces, and second object 
surfaces, respectively. Using the technique in the previous section, their 
possible contact regions can be estimated. Then the possible contact points on 
the fingertips and object surfaces can also be obtained by discretizing these 
regions. Let riflnh njin2, «/“c" and riface2 be the number of the contact points on 
the first fingertip, second fingertip, first object face and second object surface, 
respectively. Then, the number of sets of contact points of the two fingertips 
and the number of sets of contact points of the two object surfaces are: 
Nfin^^m^^nniy 
_ (4.8) 
Nfaca = ^face\ ^^face2 • 
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And the maximum number of the possible object poses is: 
No_ose=NfinXN^e (4.9) 
First fingertip Second fingertip 
n w n 
M ^ * ^ 
n l / \ / n 2 ^ 
n^N^^^ --^^^n2o 
^ ^ ^ ^ 
1^ ^^ ^^ ^^ ^^ ^^ ^ Object ^ ^ ^ ^ 
Geometric constraints: n l p nl^ ；, n2f= n2o ,and d p d,,. 
Figure 4.6: Geometric constraints for a successful set of contact points 
on fingertips and the grasped object 
In general, not all the sets of contact points on the fingertips can generate 
successful object poses with the sets of contact points on object faces. It is 
because a successful object pose is established by two sets of contact points of 
the fingertips and object surfaces that must satisfy the geometric constraints. 
The constraints are illustrated in Figure 4.6. 
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4.4.1.3 Object Position and Orientation Calculation 
After obtaining the sets of contact points that obey these geometric 
constraints, we calculate the object poses. Let … ( t h e 4x4 homogeneous 
transformation matrix describing the object coordinate frame with respect to 
the world coordinate frame and it can write as the following form: 
WjO w p 
T , = [ 0 " / � (4.10) 
where ^R„ and ^P^be the 3x3 rotation matrix and 3x1 matrix (position vector) 
of the object coordinate frame relative to world coordinate. 
The two contact object surfaces used to calculate the object poses can 
be ether parallel or non parallel. This results that we design two methods to 
handle these cases: 
Case 1 (two parallel object surfaces): 
The rotation matrix can not be obtained using the method proposed in 
Section 3.3.2.1. A new method is designed in this section. The rotation 
matrix can be expressed as: 
^ R 尸 ¾ 丨 〜 , 一 7 ? „ (4.11) 
where "/?^„,, ^、尺―,and ^""'/?„the rotation matrices of the local 
contact coordinate frame on the first fingertip with respect to the 
world coordinate frame, the local contact coordinate frame on the first 
object surface with respect to that of the first fingertip, and the local 
contact coordinate frame on the first object surface with respect to the 
object coordinate, respectively. 
^ ^ „ , and — R � c a n be found from the information the contact points 
on the first fingertip and object surfaces, the fingertip and object 
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geometry. Since the local contact coordinate frames on the fingertip 
and object surface, they have the common normal. Thus, we have: 
cos0 -s'm6 0 
'^''Rfacei = sin0 cos6/ 0 (4.12) 
[ 0 0 1 
where 0 is the angle between the x-axes of the two local contact 
coordinate frames. In this case, we assume that there are no relative 
velocities of the local contact coordinate frames on the fingertips and 
object surfaces along the common normal, are permitted. Therefore, 
the angle 6 can be found the previous state. Then, the orientation of 
the object can be calculated from eq. (4.12). 
For the object coordinate frame, we have: 
^P=^PyP=^P,^^Rr,n. '"'/^/.., ' ^ r ' (4.13) 
where ^P,/P^， 'P/"''' are the position vectors of the locations of the 
local contact coordinate frame on the first object surface, the object 
coordinate frame with respect to local contact coordinate frame on the 
object surface expressed in term of the world coordinate frame, and 
the object coordinate frame with respect to local contact coordinate 
frame on the object surface, respectively. Since all the terms in the 
right hand side of eq. (4.13) are known, the location of the object can 
be computed with ease. 
Case 2 (two non-parallel object surfaces): 
Since the two normal vectors from the contact points on the object 
surfaces are independent, the orientation of the object can be 
calculated using the technique presented in Section 3.3.2.1. Then, the 
location of the object can be obtained from eq. (4.13). 
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If there are no fingers collide into the object at those calculated 
positions and orientations, we can find the contact points on the fingers that are 
touching on the object. At that time, the contact configurations are also 
determined and they are stored in the child nodes from the parent node 
corresponding to the current contact configuration. 
4.4.1.4 Contact Motion Calculation 
In this section, we will study the computation of the contact motion 
between the object human fingers. The information of contact motion can 
specify the types of contact like the fixed contact, sliding, rolling and their 
combination and play an important role in controlling a multi-fingered robotic 
hand to perform the dextrous manipulation task. In the thesis, the velocities of 
contact in the parameter domains on the contact fingertip and object surfaces 
can be computed using the geometry method presented in the previous 
sections. Then, the contact motion can also be determined. Before discussing 
this contact motion calculation, we review the contact kinematics. 
There are many papers dealing with this problem of contact kinematics. 
Many works have been done on contact between planar rigid bodies [36] [37] 
[38] [39]. Cai and Roth [40] [41] describe the relative motion of two contacting 
objects in point contact by restricting it to a subspace of the configuration 
space. One year later, they extend their work to three-dimensional line contact 
[42]. Kirson and Yang [43] developed equations for both fixed and moving 
axodes with a relative rolling and sliding motion. Montana [9] derive a set of 
equations describing the relation between the velocity of the contact points on 
the rigid bodies and the relative velocity of the rigid bodies. N. Sankar, V. 
Kumar and Xiaoping Yun [44] extend the works by Montana, Cai and Roth. 
They study not only velocity and but also the acceleration for contact between 
the three-dimensional rigid bodies. 
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Figure 4.7: Coordinate frames for two rigid objects in contact 
The form of kinematics of contact used in this thesis- comes from 
Montana [9]. Figure 4.7 shows a rigid object and a rigid fingertip contacting 
with each other. In this figure, we can note that the angle y/ is the angle 
between the x-axes of the contact coordinate frames {Cco and Cc/). The sign of 
y/ is chosen so that a rotation of Ca, through angle -y/ around its z-axis aligns 
the x-axis. Let (v ,^ v^ ’ vJ and (wx, w^；, w )^ be the translational and rotational 
velocities of Cco relative to Q a t time t. Let u �= (w�，v�) and u , = (w,，v,) be 
the contact points respect to the object coordinate frame Cr(, and the finger 
coordinate frame C,f，respectively. When the contact between two rigid objects 
is continuous, their velocity components along the common normal must be 
equal in order to keep their surfaces in touch. Let Ko, T„ and M(, be curvature 
form, torsion form and metric of the object at time t. We can analogously 
define Kf, 7} and M/ for the fingertip. We also define the orientation of the x-
axis and y-axis of Ca, relative to the x-axis and y-axis of Q / a s follows: 
cosi// -sini/A 
R ^ = . (4.14) 
^ —siny/" _cosi/A 
And the curvature of the finger at the point of contact relative to the x-axis and 
y-axis of Cco can be expressed as: 
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Kf =R^KjR^ (4.15) 
Then, the Montana's contact equations for the manipulated object and a contact 
finger can be written as fellows: 
‘ / p ~i r 1 \ 
1 ~ , — f t ) � ’ � V , 
u,=M;'(^.+^,r' ) -Kf ；， 
(L ^ x � L >'Jj 
/ � n � 1 � (4.16) 
� = M ; V K � + ^ , ) - i 一：)’ +K„ 1'， 
l^ L^ A：」 L M J 
V/ = a ) ^ + r „ M X + ^ / ^ / U / ' 
0 = v ^ 
In eq. (4.16)，the term of (K<, + K^) is called the relative curvature form. These 
equations describe the relation between the relative motions between the two 
contact coordinate frames and their corresponding velocities with respect to 
their reference coordinate frames of the objects. The first three equations (4.16) 
are called the kinematic equations of contact and the last one is the constraint 
equation of contact. Rearranging these equations yields: 
h l = ( / ^ ; ' M , u , - M x ) 
LM 
_ — � • — CO / ~ Vi ~ Vy 
: = ( K , , [ ) T M A + [ ； (4.17) 
⑴乂 y 
iu ^ J L ^ _ 
0),=¥-T„M„u„-T^M^.Uf 
乂 =0 
There are special modes of contact for two rigid objects: 
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(1) Fixed point of contact: 
V I �6) / 
=0, and = 0 ; (4.18) 
V 0) 
/)d L)’� 
(2) Rolling contact: 
v^ 1 
=0, and w, = 0 ； (4.19) 
/ ) ’ � 
(3) Sliding contact: 
- ( 
C0y =0 . (4.20) 
- � “ 
Except these elemental contact modes, there is other contact mode that is the 
combination of the rolling and sliding contacts. 
In this thesis, the surfaces of both the object and fingers are embedded 
two-dimensional manifolds. Now, we wish to make two definitions [9] for 
them. 
Definition 4.1 Consider a manifold S with Gauss map g, a coordinate patch So 
for S. The coordinate system ( f , U) is orthogonal if /„(u)- /^(u) = Ofor all 
U€ U. When i f , U) is orthogonal, we can define the normalized Gaussframe 
at a point u e U as the coordinate frame with origin a t / (u ) and coordinate 
axes: 
' _ = /„(u)/||/„(u)|， 
.y(u) = /,(u)/||/,(u)||,. (4.21) 
z(u) = g(/"(u)) 
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Definition 4.2 Consider a manifold with Gauss map g, coordinate patch So, and 
orthogonal coordinate system ( f , U). At a point 5 e S^，the curvature form K is 
defined as the 2 x 2 matrix: 
K 二 [x (u ) ’y (u) ]T [z»/||/>】|，z»/||/>】|]， (4.22) 
where u = /" ' { s ) . The torsion from T at the lx2matrix: 
T = y(u)T [x„ (u)/||/" ( u | X, (u)/||/, (u | ] , (4.23) 
We define the metric M at s as the 2 x 2 diagonal matrix: 
M =—«?(|/>】|，||/>】|)， (4.24) 
The model of a fingertip used in this thesis is a hemisphere of radius ry 
with the following coordinate system: 
U = {(«,v)e R2 -Kl2<u<Kl2,-n<v<K] 
and the map: 
f'.U ^R^: («, v ) ^ {vf C0SMC0SV,-r^ cosMsinv, r^ sinw). 
Then, eq. (4.21) can be written as: 
-s inwcosv - s i n v 1 � c o s M c o s v . 
x(u)= s inMsinv，y(u)= - c o s v，z ( u ) = -cosMsinv . (4.25) 
cosM 0 sinM 
L_ _1 l_ _J L _ 
And the curvature form, torsion form and metric for the finger are, 
respectively, 
'l/r, 0 1 �r, 0 1 
K = n . . , r = LO, - t anw/ r , . , andM= ^ . (4.26) 
U l/r ,_ 0 r,cosM , 
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On the other hand, the objects in this project are restricted to the class of 
polyhedron formed with a set of planes. A plane has the coordinate system: 
f : U c R 2 — R 3 ： (M, V ) h ^ {u, V，0). 
Then, we can obtain the coordinate axes for the plane: 
" l ] � 0 ] f0" 
x(u)= 0，y(u )= 1 ,z(u)= 0 (4.27) 
o J [ o J [ l _ 
and its curvature form, torsion form, and metric, respectively, 
K = 0 , � = 0 ，M = I . (4.28) 
Eq. (4.17) can be used to calculate all the relative velocities between the 
contact fingers and the object for each instant of the manipulation if we provide 
the velocities of contact parameter of both the fingers and the object. For each 
instant, the contact velocities can be calculated using eq. (4.4). The curvature 
forms, torsion forms and metrics of the object and the fingertips can be 
determined when the contact points on the object and these fingertips are 
known because the geometric information of the object and the fingertip is 
available. To find a more suitable contact configuration trajectory and save 
computational time, the information relative contact velocities is necessary 
while calculating the contact configurations at the next sampling time instant 
from the one at the current instant. We usually observe the relative contact 
velocities rather than the contact velocities in parameter domains while 
performing the manipulation. It is difficult to estimate the maximum and the 
minimum parameter accelerations of the contact parameters accurately. 
Therefore, if relative contact velocities of the contact configuration at the next 
instant are much larger than those observed in the manipulation, it should be 
rejected because the configuration is not near the real one at that instant. 
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Chapter 5 
Implementation and Examples 
5.1 Introduction 
In this chapter, we will introduce the architecture of the friendly teaching 
system proposed in this thesis and the algorithm implementation. In addition, the 
results of the simulations and experiments are also presented. 
5.2 Architecture of Friendly Teaching System 
The proposed teaching system consists of three sub-systems (see in Figure 
5.1)，the CyberGlove, the CyberGlove Interface Unit and the host computer. The 
CyberGlove is used to capture the motions of the human hand from a 
manipulation. The signals of the joints detected by the sensors on the glove are 
sent to the CyberGlove Literface Unit (CGUI), in which they are amplified and 
digitalized. Then, the host computer will receive this modified data from CGUI via 
an RS-232 cable. The kinematic information of the physical hand can be computed 
with ether the default human hand model or your specified hand model. With this 
information, the algorithms can calculate the contact motion between the object 
and the fingers. 
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Interface Unit (Indigo2 Workstat ion) 
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Figure 5.1 System architecture 
5.2.1 CyberGlove 
The CyberGlove is employed in this project to acquire the finger 
measurement data. In this glove, there are 22 sensors to monitor the joint motions 
of the physical hand. The sensor values are proportional to the joint angles of the 
physical hand. They provide the information of finger positions and orientations. 
The spatial information of the physical hand is given by the tracker system which 
receives the electromagnitic signal from the transmitter mounted on the glove. 
5.2.2 GyberGlove Interface Unit 
The GyberGlove Interface Unit (CGUI) is the interface between the glove 
the host computer. It offers the amplification and digitalization for the glove. All 
the signals from this glove are digitialzed to 8-bit resolution. The 8-bit A/D 
converter will provides a rage from 0 to 255. However, each sensor will produce a 
output of the approximately 40 to that of the approximately 220 to avoid reaching 
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the 0 to 255 extreme. The amplification and digitalization processes take place 
with the commands from the host computer. Three baud rates, 9600，19200 and 
38400, are available in CGUI. 
5.2.3 Host Computer 
SiliconGraphics Indigo2 workstation is used as the host computer in this 
teaching system. The software for the CyberGlove system is stalled in this host 
computer. With this software, the digitalized values in CGUI are received and 
translated to the joint values in radius or degrees using Eq.21. A graphical hand on 
this host computer is capable to reproduce the movement of the operator's hand 
and fingers from this data. In Addition, the values of the gain and offset of each 
sensor can be set on a graphical panel directly to fit the human operator's hand as 
far as possible. Then, the configuration of the human hand is obtained using ether 
the default hand model or the specified hand model. 
5.2.4 Software 
The software for the CyberGlove system is called "VirtualHand Toolkit" 
that offers a lot of commands and satisfies the requirements of the CyberGlove 
hand model calculation, display, calibration, data acquisition and the 3D tracking. 
For example, the command of vt_get_kinematics generates the transform matrix 
for each part of the hand model from the raw digital data acquired from 22 sensors 
of the CyberGlove, and will store in the kinJroms array. Together with the 
vt_draw_kinematics, the motion of the graphical hand representing the operator's 
hand on the computers monitor can be shown. 
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5.3 Algorithm Implementation 
All the computational tasks in the algorithm of generating the contact 
motion between the fingers and the manipulated object are implemented in the 
software called C language. The C language has been called "system programming 
language" because it is suitable for most of the operating system or machine. Thus, 
the host computer can collect the data from the CyberGlove and send the 
manipulation skills to the robotic hand system without obstacle. In addition, the C 
language provides a variety of data types and its hierarchy of pointers, arrays, 
structures and unions. These properties exactly meet our requirement of our 
algorithm of tree searching. 
5.4 Examples of Calculation of Contact Configurations 
To examine the geometric methods introduced in Chapter 3 for calculating 
the contact points on the fingers and the corresponding object position and 
orientation, we have performed three examples. This grasped object is a 
rectangular block with the dimension lOcmx6cmx3cm. The finger measurement 
data in these three examples are come from the CyberGlove system. Due to the 
errors in the glove, we have modified the measurement data to make sure that the 
most shorten distance between the two fingertips that grasp the object at two 
parallel faces is equal to that between these two faces. 
The first example (Examplel) shows the object grasped by three fingers at 
its three non-parallel faces (see Figure 5.2a). Figure 5.2b shows the configuration 
of the three contact fingertips and the possible contact points on these three 
fingertips. Each fingertips have more than one contact points. One set of contact 
points on these three fingertips will produce one location and orientation of the 
grasped object. Their corresponding object locations and orientations are 
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illustrated in Figures 5.2c and 5.2d. This example has proved that three contact 
points on three independent object faces can provide a unique object position and 
orientation. 
The second example (Example2) shown in Figure 5.3a is the case that the 
object grasped by the same number of fingers but two of the grasped object faces 
are parallel. Figure 5.3b shows the configuration of these fingertips and the 
calculated contact points. For each set of contact points on these fingertips, it 
forms infinitive object location that is lie on a straight line (see Figure 5.3c). 
Figure 5.3d shows all of the discrete object locations calculated from these sets of 
the contact points. On the other hand, for each set of contact points, there should 
be only one object orientation. However, there may be more than one object 
orientation generated from a set of contact points because discretizing the 
fingertips for the possible contact points usually produce errors (shown in Figure 
5.3e). The example illustrates that two independent contact faces can only 
determine the orientation of the object but the object position must be determined 
automatically by three non-parallel object faces. 
Final, the third example (Example3) shown in Figure 5.4a explains the case 
of the object grasped by four fingers. Figure 5.4b shows the configuration of the 
four fingertips and the contact points on these fingertips. Theoretically, only one 
contact configuration between the fingertips and the object, under this 
configuration of the fingertips should exist because there are enough geometry 
constraints. However, Figure 5.10 and 5.11 show that there are two calculated 
contact configurations, which is caused by the errors of discretizing the fingertips 
for the possible contact points. 
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. - • • • : 
.-••丨 i -:•--••. ..••: .••••• i ,...... 
T i p o f b d e x F i n g e r i ： i 
: ¾ ^ 
- ! - • • ^ ^ r , . k ' ' ' . . . - • T i p o f M i d d l e F i n g e r •；  
" - < ¾ ^ ^ ^ ^ 
一..J.....-.L.."::‘.• ••••.,..:P^ ^ ^ ^ ^ • � •J • - . . • 
_6~.-- ) .C! . . ' ^ ^ :::• - . :>S 
, . - : • • • - • • • -.•.-••••• T i p o f T h u m b • • • > < 
- 6 , ^ . > ’ . ^ > - ^ 
'^ 7T'^-----^^:C^::^- • • • • ” . . > < ^ 
^^ ;^^ "^^ ^^"^ >^;ic^;><r 
V ‘ 6 “ X 
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Figure 5.2c: Object positions (Examplel) 
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Figure 5.3b: Contact points on fingertips (Example2) 
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Figure 5.3c: Object positions in view A (Example2) 
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Figure 5.3d: Object positions in view B (Example2) 
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Figure 5.4b: Contact points on fingertips (Example3) 
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Figure 5.4c: Object positions (Example3) 
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Figure 5.4d Object orientations (Example3) 
67 
5.5 Simulation 
To verify the validity of the proposed algorithm for calculating the 
contact motion, we perform a simulation. In this simulation, the manipulated 
object is a rectangular box whose dimension is 3cmx6cmxlOcm. The radius of 
the fingertip model is 0.5cm. There are three fingers that manipulate the object. 
They are the thumb, the index finger and the middle finger. The thumb and the 
middle finger are grasping the object at fixed points on two parallel object faces 
while the index finger is used to rotate the object and sliding on the object. The 
desired contact motion of these fingers and the desired object positions and 
orientations are given in Table 5.1. 
Partl ~ ~ P ^ ~ ~ ~ ~ P ^ ~ ~ ~ ~ P ^ ~ ~ ~ ~ P ^ ~ ~ ~ ~ P ^ ~ 
Sampling 1 Io HO m ^ W 
time to to to to to to 
instant 10 HO ^ ^ ^ 465 
v^0 v ^ 0 v ^ 0 V ; ^ 0 V ; ^ 0 v ^ 
Vj,=0 V3,=O Vy=0 Vj,=0 v),=0 v).=0 
Thumb Vz=0 v,=0 v^0 v^=0 v,=0 v^=0 
contact 0)^Q co^0 co^0 co^0 co^0 co^0 
motion cOy=0 cOy=0 Wy=0 co>,=0 co^ ,=0 cOy=0 
O),=0 g),=0.31 ft),=0 ft)^=0 g)^0.31 g)^0 
~ I n d e x ~ ~ VfO v ,0 .13 v^ l v^0 v^0.13 VfO 
finger � 0 v),=0 v),=0 v);0 v^=0 v);0 
contact Vz=0 v^ =0 v^ =0 v^ =0 v^=0 v^=0 
motion ¢^=0 c^=0 叫=0 fi>x=0 co^0 c^=0 
¢0),=0 cOy=0.26 fi>y=0 fwy=0 cuy=0.26 fi>^,=0 
C O ^ 0 6 ^ fi^ 0 ^ 0 ^ ft),=0 
""•Middle~" v , 0 v,=0 v , 0 v^0 v^0 v^0 
finger � 0 v),=0 v),=0 v),=0 v),=0 v),=0 
contact Vz=0 v^ =0 v^ =0 v^ =0 v^Q v^ =0 
motion ¢^=0 ¢^=0 £0尸0 £^=0 ¢^=0 0)^ =0 
cOy=0 cOy=0 Wy=0 £0),=0 ojy=0 o>y=0 
co,=0 ft>z=0.31 q>z=0 叫=0 q>,=0.31 o),=Q 
~~Object~" 
position (0.0,0) (0,0.0) (0，0’0) (0,0,0) (0,0,0) (Q,0,Q) 
Object (0,0,0) (0,0.0) (0,1.57,0) (0,1.57,0) (0,1.57,0)~~(0,1.57,0) 
orientation to to to to to to 
(0,0.0) (0.1-57.0) (0,1.57,0) (0,1.57,0) (0,1.57,0) (0,3.14,0) 
Table 5.1: Desired contact motion and object poses 
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From this table, we can note that the thumb and the middle finger have the same 
contact motion. They perform only either pure rolling contact or no contact 
motion. The index finger produces the combination of sliding and rolling 
contacts in Part2 and Part5. In addition, it also generates the pure sliding contact 
with the object in Part3. 
In this simulation, all the possible initial and final contact configurations 
are calculated first. Then, we select the most suitable initial and final 
configurations for calculating the contact motion. The two pairs of the object 
positions and orientations constructing the selected initial and final contact 
configurations are: 
Initial object position /^.編=(A:,3^,z)= (-0.124588,-0.002884,0.001374), 
Initial object orientation 0,.„,,,,, = {a ,p ,y)= (0.333091,0.053011,-0.242507)， 
Final object position P_ = {x, y,z)= ( - 0.013756,-0.003574,0.0002172), 
Final object orientation 0 _ = {a, P，y) = (0.4287726,3.128317,-0.1893244). 
In addition, the parameters of the cost function are set as: 
>^ ;;=(wx，w)’，^ z)=(l，l’l) 
w„={w„,Wp,w^)=(\/2A/2,l/2) 
The maximum and minimum prediction accelerations for estimating the possible 
contact regions in parameter domains are: 
a n > a x = k . m a x ， « v , m a x ) = ( 2 c m / s e c ' , 2 c m / s e c ' ) 
an^ „ = ( « „ , - ， ^ v . m i n ) = (" 2cHi / scc ‘，- 2cm / sec ‘ ) 
Furthermore, to obtain a better result, we put limit on the calculated contact 
motion between the finger and the object for the parts of the manipulation in 
which there are contact motion. Under this strategy, the acceptable contact 
motion must be in the specified ranges of contact velocities. The maximum and 
minimum contact velocities in the ranges are given in Table 5.2. 
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n Part2 Part3 Part5 
Maximum contact Vmax=0.2cm/sec v^ ^^  = 1.3cm/sec v ^ = 0 . 2 c m / s e c 
velocities 份隨=0.4 rad / sec 0 ) ^ = 0.1 rad / sec 0)賺=0 .4 rad / sec 
Minimum contact v ^ = - O . l c m / s e c v^„ =-O.lcm/sec v _ = - O . l c m / s e c 
velocities 份出丨„ = -0.1 rad / sec fi)^„ = -0.1 rad / sec 0)^„ = -0.1 rad / sec 
Table 5.2: Maximum and minimum contact velocities 
Due to the limitation of memory on the host computer (SiliconGraphic Indigo2 
workstation), the maximum number of the child nodes for a parent node on the 
search-tree is fifteen. If the parent nodes can generate more fifteen-child nodes, 
the first fifteen child nodes that have lower values of the cost function are 
selected and the others should be dropped. 
Figure 5.5 demonstrates a simulation manipulation of a rectangular box 
with a human hand. In this manipulation, the thumb and middle finger grasp the 
object at the front face and the back face of the object, respectively, while the 
index finger contact the object at the side face. In the first two pictures, we can 
see that there is almost no relative contact motion between the fingers and the 
object. Then, the next five pictures show the object is rotated by 90 degrees. 
Pictures (g) to (1) illustrate the sliding contact motion between the index finger 
and the object. Then, the index finger separates from the object and touches it 
again at the sampling time instant ^ 3 4 5 . The fingers manipulate the object to 
produce a ninety-degree rotation. Finally, the index finger leaves the object 
again. Figure 5.6 shows the calculated manipulation with the algorithm MCA 
from the human finger motion of the simulation. Comparing with the simulation 
manipulation and the calculated manipulation, we can see that they are very 
similar. In other words, the calculated contact motion is similar to that in the 
simulation manipulation. 
Figures 5.7 to 5.12 show the relative contact motion of the fingers and 
the object. Since the selected initial contact configuration may not be close the 
desired position and orientation of the object, we do not put any constraint on the 
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calculated contact motion at the first several instants of Part2. With the 
assistance of the cost function, the contact configuration will approach to the 
path of the desired object position and orientation. Therefore, there are 
overshoots in these figures from the instant k=\0 to the instant ^ 1 3 . In addition, 
the index finger in Part4 will separate from the object. There may be a large 
contact motion occurred when it contacts the object again. To solve this 
problem, we do also not put any restriction on the contact motion on the first 
several sampling time instants of Part5. These high contact velocities at these 
instants are shown in these figures. From Figures 5.7 to 5.8, we can observe the 
thumb almost performs the pure rolling contact motion in Partl and Part5. In the 
other parts, the thumb is almost at rest. Figures 5.9 and 5.10 illustrate the index 
finger contact motion. The index finger has the combination" of sliding and 
rolling contacts in Part2 and Part5, and pure sliding contact in Part3. From 
Figures 5.11 to 5.12，we can realize that the contact motion of the middle finger 
is similar to those of the thumb. The errors of contact velocities can be reduced 
if we discretize the contact region on the fingers and object in more detail. 
Compared to the Table 5.1, these figures show that the calculated contact motion 
is very similar to the desired contact motion. 
Finally, the object position and orientation are shown in Figures 5.13 and 
5.14. The object position and orientation approach to the desired position and 
orientation curves from the initial instant very fast. Compared to Table 5.1, there 
are small errors in the calculated object position and orientation, except those 
from the instants 400 to 465. In fact, the Euler angles at these instants can 
provide the object orientations that are similar to those in Table 5.1 at those 
instants. This can be proven in Figure 5.7. 
Form the simulation result, the algorithm for calculating the contact 
motion show that it can deal with all types of contact motion (fixed contact, 
sliding contact, rolling contact and their combinations). In addition, the 
calculated result is close to the desired one. The computational time of this 
simulation is only about 4 minutes. 
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(s) k = 365 (t) k = 385 (u) k = 405 
t 窗 -
(v) k = 425 (w) k = 445 (x) k = 465 
Figure 5.5: Demonstration of a manipulation simulation {k denotes the sam-
pling time instant). 
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(v) k = 425 (w) k = 445 (x) k = 465 
Figure 5.6: Illustration of a calculated manipulation from the finger motions 
of the simulation {k denotes the sampling time instant). 
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thumb contact motions 
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Figure 5.12: Middle finger rotational contact motion (simulation) 
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index flnger contact motions 
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Figure 5.12: Middle finger rotational contact motion (simulation) 
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middle finger contact motions 
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object orientation 
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Figure 5.14: Object orientation (simulation) 
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5.6 Experiments 
To show the usefulness of the algorithm, we did two experiments. The first 
experiment is to translate the object and the other is to rotate the object. The object 
used in these two experiments is same to that in the simulation. An operator 
wearing the CyberGlove performs the two experiment manipulations. The human 
finger motion can be computed from the sensor values. However, this data can not 
be sent to the algorithm at once because there are large errors caused by the human 
and the glove sensors. Therefore, we had to modify the raw measurement data to 
guarantee the algorithm can calculate a suitable contact motion. In these two 
experiments, the thumb and the middle finger grasp the object at two parallel 
faces. The raw finger data is modified by repositioning the thumb to make sure 
that the shortest distance between the thumb and the middle finger is equal to that 
of these two contact faces at each sampling time instant. With this improvement, 
the modified finger data can be used to calculate the contact motion using the 
proposed algorithm. 
5.6.1 Translation of an Object 
In the first experiment, we try to translate the object using the index finger 
and this manipulation is shown in Figure 5.15. This object was pushed by the 
index finger from one position to an expected position, while being grasped by the 
thumb and the middle finger. The initial and final object positions and orientations 
of the selected initial and final contact configurations are: 
Liitial object position P,_ = {x, y,z)= (-13.246990,2.550420，- 6.656888)， 
Initial object orientation 0丨打_ = {cc,P,r)= (-2.953586,2.439394,-2.154469), 
Final object position ?•�={x, y, z) = (-10.672499, - 3.734768, - 8.540302)’ 
Final object orientation 0丨諫丨={cc, p,y)= (一 2.946742,2.385748，- 2.243878). 
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In addition, the parameters of the cost function are set as: 
wp={w^,wy,wj=(l,ll) 
w„ =(w„，w"’wy)=(l，l,l) 
The maximum and minimum prediction accelerations are: 
a ^ = (««’醒，^v.max) 二 ( l c m / s e c ‘ ’ 1 c m / s e c ‘ ) 
a^n = (««,min , ^ v,min )= (" Icm/seC:，- Icm/scc ' ) 
The maximum and minimum contact velocities are given as: 
Vmax = l c m / s e c , 6)腿=0.4rad/sec, 
Vmin = - l c m / s e c , fi)- = -0 .4 rad / sec , 
Figure 16 illustrates the calculated manipulation. In this figure, the finger 
that grasps the object in the front face of the object is the middle finger and the 
thumb grasps the object at the opposite face. The finger touching a side face of the 
object is the index finger. This finger pushes the object slowly from one position 
to the destination via the two other fingers. The finger contact motions are shown 
in Figures 17 to 22. From Figurel9 to Figure 22, it illustrates obviously that the 
rotational velocities of the thumb and middle finger are small compared with their 
translational velocities. Its means that the main component of the contact motion is 
the sliding contact motion during the real manipulation. In addition, Figures 17 
and 18 indicate that the object move mainly along the x-axis of the local contact 
coordinate on the two fingers because the areas bounded by the translational 
velocity curves in x-direction are larger than those in y- and z-directions. Figures 
19 and 20 describe the contact motion of the index finger. Compared to the other 
two fingers, the contact motion is small not only in the translational velocity but 
also in the rotational velocity. This result meets the real contact situation of the 
manipulation. 
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The object position and orientation are shown in Figures 5.23 and 5.24. 
There is an obvious change in the object position but the object orientation almost 
keeps constant during the whole manipulation. This achieves the goal of the 
manipulation. 
f ^ m m | ^ ^ H | ^ ^ H 
| ^ ^ H | ^ ^ ^ ^ ^ H i ^ ^ ^ ^ | j | ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ | | ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ | 
^ ^ H i P i S i l B ^ ^ ^ H H f l 9 ^ ^ ^ ^ H B i 9 ^ ^ ^ S | | ^ ^ g ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H 
k=l k=46 k=92 
• • 面 
H i ^ 9 H i ^ 9 H H H | 
^ • • H ^ H 
^138 ^184 k=230 aB B 
^ ^ ^ B ^ H ^ 9 ^ ^ E ^ ^ ^ | ^ ^ ^ ^ ^ ^ ^ ^ ^ g | ^ ^ H H 
m ^ ^ 
k=276 k=322 k=370 
Figure 5.15: Demonstration of translating a rectangular block 
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Figure 5.16: Illustration of the calculated manipulation of translating a rect-
angular block (k denotes the sampling time instant). 
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thumb contact motions 
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Figure 5.17: Thumb translational contact motion (experiment of translation) 
thumb contact motion 
； ； ： ： ； • . 
about x - a x i s 
0 . 5 - • about y - a x i s 
about z - a x i s 
0.4 - ： ： 
• • • • ； 
： ... <. ''• '• 
0.3 - ！ -I : ； >…… . 
I 丨1 玄0.2 -.….f .….i…….r ;i …… i 
I i! ji |!、 ： ； , ” r-
s 0 1 - • \ - ji { I ' |- •：''•. ！. j | :•. ‘ ‘ w • • jii^  • • • j 丄,.  
f � f i # ^ » i S A # ^ j ^ % ^ 
| � . 1 �. . . H [ : :-;|M…V _il. f y ' f';|!;;':| 
•| ； . \ i' :| : ； I ; 
2 發 ;..， :.....'i ：..... 
I , 
"^.3 丨 ：...、...； 
) ： : 
" 0 . 4 - ； ： : -• + ..-
• _ ； ； • , 
• 0 . 5 - …… 
I 1 1 1 1 I I 
50 100 150 200 250 300 350 
sampling time instant Figure 5.18: Thumb rotatational contact motion (experiment of translation) 
86 
index finger contact motions 
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Figure 5.19: Index finger translational contact motion (experiment of trans-
lation) 
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Figure 5.20: Index finger rotational contact motion (experiment of transla-
tion) 
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middle finger contact motions 
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Figure 5.21: Middle finger translational contact motion (experiment of trans-
lation) 
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Figure 5.23: Object position (experiment of translation) 
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Figure 5.24: Object orientation (experiment of translation) 
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5.6.2 Rotation of an Object 
In the second experiment, we try to rotate the object using the three 
fingers (shown in Figure 5.25). The index finger is used to rotate the object 
while the other two fingers try to grasp the object at a fixed point. The initial 
and final object positions and orientations of the selected initial and final 
contact configurations are: 
Initial object position P.^,,i = {x, y,z)= ( - 3.896936’ 9.545189，- 5.431234), 
Initial object orientation 0丨她丨={a,p,y)= (-0.913785,1.271546,0.265876), 
Final object position P^— = {x, y,z)= (-4.790028’ 11.495821,- 6.984732)， 
Final object orientation 0丨而={a, p,y) = (-1.779832,2.078948’ 0.305457). 
In addition, the parameters of the cost function are set as: 
Wp =(WyW),，Wz)=(l，l，l) 
w„ = ( w „ , W ^ , W y ) = ( l , l , l ) 
The maximum and minimum prediction accelerations are: 
a^x = (a",max，〜’max ) = ( l c m / s e c ' , l c m / s e c ' ) 
a>rin = («„.min ’ «v,min ) = (" ICHl / SCC ‘ ’ 一 ICHl / SCC ‘ ) 
The maximum and minimum contact velocities are given as: 
Vnm = 1 c m / s e c， 6 )丽 = 1 rad / sec， 
v^„ = - l c m / s e c , fi)^„ = - l r a d / s e c , 
The calculated manipulation is illustrated in Figure 5.26. The rotation of 
the object is completed in only the first twenty instants. There are many reasons 
for that. One of the reasons is that the glove used in this project is not sensible 
to small changes in bending and the sensors will affect its neighbour sensors 
when we bend all the sensors of the glove in large degree simultaneously. 
Therefore, it is hard to get the accurately sensors data in the later part of the 
manipulation. In addition, if there is a small disturbance of the sensor mounted 
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at the back of the palm, it will generate big errors in the finger positions and 
orientations. 
Figures 5.27 to 5.32 depict the finger contact motion. In these figures, 
the contact motions are the general contact motions involving the fixed contact, 
the sliding contact and the rolling. In fact, it is difficult or impossible for a 
human operator to produce the pure sliding or rolling contact motion. Although 
the operator tries to rotate the object using pure rolling contact, he always 
produces the general contact motion. Therefore, the object has not the change of 
its orientation but also the change of its position. The result is shown in Figures 
5.33 and 5.34. 
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Figure 5.25: Demonstration of rotating a rectangular block 
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Figure 5.26: Illustration of the calculated manipulation of rotating a rectan-
gular block {k denotes the sampling time instant). 
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Figure 5.27: Thumb translational contact motion (experiment of rotation) 
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Figure 5.28: Thumb rotatational contact motion (experiment of rotation) 
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Figure 5.29: Index finger translational contact motion (experiment of rota-
tion) 
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Figure 5.30: Index finger rotational contact motion (experiment of rotation) 
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Figure 5.31: Middle finger translational contact motion (experiment of rota-
tion) 
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Figure 5.32: Middle finger rotational contact motion (experiment of rotation) 
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Figure 5.33: Object position (experiment of rotation) 
object orientation 
5 � : � 
alpha 
beta 
4 - g a m m s 
3 - ； � : ； ； : •: :: .： 
f 
1 ： ..: ;...^._.^.,-.,,._.;r-..^ ；^ _ ^  ^  ^  ___ ^  _^ _ 
« 2 _ _ J 、 " 广 ： : •:..".〜〜.”； 
1 , - - : - ‘ 
f l .........；…...…丨.........:.........；....................丨........_:.........:................: 
！ 一 ― . 一 - . — - — . - . : - . - . - . - . — . — — . - . . 
r......：........^ ： ....•;......丨...... ..:........：...,.；......: 
- 1 - ：• : : 
- 2 - ； ， :. : ： : : 
_al 1 1 ‘ 1 ‘ " 1 1 1 — . _ I 
0 10 20 30 40 50 60 70 80 90 100 
sampling flme instant 




This dissertation developed a teaching system that calculates the 
contact motion from a dexterous demonstration preformed by an operator who 
wears a data glove. This system first calculates all possible initial and final 
contact configurations. Then, the operator can choose the most suitable initial 
and final contact configurations. With these two chosen contact configurations, 
the system calculates the contact motion automatically. 
In this dissertation, we assume that the object geometry and the finger 
motions are available. A geometric method is proposed to solve for a contact 
configuration instead of solving a set of non-linear equations using numerical 
methods. First, we find out three contact points on three fingers that grasp the 
object at three independent faces. Then, the object position and orientation can 
be calculated. After having computed the other contact points on the other 
fingers, the contact configuration is determined. The experiments done in 
Chapter 5 have proven its validity in calculating the object positions and 
orientations, and the contact points on fingers. The proposed algorithm is able 
to deal with all the grasping cases under the assumptions, including the worst 
case of grasping at two parallel object surfaces. The precision of calculated 
object position and orientations is proportional to the number of the discrete 
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points on the fingertips. When calculating all the possible initial and final 
contact configurations, the operator selects the initial and final configurations 
for calculating the contact motion. 
This dissertation proposed an algorithm for calculating the contact 
motion. This algorithm is developed based on a search-tree whose node and 
level correspond to a configuration and a sampling time instant. The tree is 
initialized by the root node correspond to the chosen initial contact 
configuration. Then, the tree will increase gradually with the heuristic cost 
function. The possible contact configurations at the next sampling time instant 
are generated from the information of the current contact configuration under 
the motion continuity. To reduce the searching space, we analyze the problem 
in the parameter spaces of the fingers and object and apply the Montana's 
equations to calculate the parameter velocities of contacts. The simulation 
examples in Chapter 5 have shown that the algorithm works well. In this 
simulation, the algorithm can regenerate the contact motions like the fixed 
contact, sliding contact, rolling contact and their combination. The parameter 
contact regions are discretized more detail, the more accurate result we obtain. 
In addition, we also do experiments to examine the algorithm the performance. 
Due to the errors in the real data caused by the data glove and model of human 
hand, the raw real data must be modified to make sure that the measurement 
data satisfy the assumptions before sending to this algorithm. The contact 
motions in these experiments are also be calculated. Therefore, these 
experiment examples have confirmed the usefulness of this algorithm. 
This algorithm can be further extended to these areas: 
• The errors in the finger data read from the data glove is mainly produced by 
the human model. As we know, the shapes and sizes of human hands are 
always not the same. It is hard to find out a hand that fits that glove very 
much. This is an inherent problem of this kind of the data glove with this 
type of sensors. To reduce the errors, the hand model is designed based on 
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the operator's. Then the positions of fingertips can be calculated with the 
raw data of joint angles from the sensors on the data glove using the 
technique of forward kinematics. In addition, to make the sensors read the 
accurate data, the sensors should be mounted on the joints of human hand 
as close as possible. 
• In addition to reducing the errors of data of the fingertip positions, we can 
enhance the algorithm to have the ability of finding a suitable contact 
motion between the fingers and the object when there are errors existing in 
measurement data of finger motions. Assuming the errors on the length of 
links and joint angles of the human hand, we can find the possible regions 
of position for fingertips. Discretizing these regions will provide a number 
of sets of fingertip positions. For each set of the fingertip positions, the 
contact configurations can be estimated using the same technique presented 
in this dissertation. 
• In this dissertation, we analyze the possible contact regions on the 
fingertips and object in the parameter space. The system of contact 
equations [9] can work for the contact between two objects with arbitrary 
shape. Therefore, this algorithm should be extended to handle the dextrous 
manipulation of an object with an arbitrary shape. In addition, the extended 
algorithm can allow the fingertip model with arbitrary shapes. 
• The geometry of human hand is different from that of multi-fingered 
robotic hand. Moreover, they have different dynamic properties. Therefore, 
it is necessary to convert the manipulation skills of human to those of robot. 
From the information acquired from this algorithm, we know the contact 
motion. Based on this information, we should design the motions of the 
robotic hand and the forces applied on the contacts. For safety, the designed 
manipulation skills should be tested in a virtual simulation system, which 
has the models of the robotic hand and the object being manipulated. The 
competed teaching system from the human hand for the robotic hands is 
proposed and shown in Appendix. 
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Appendix 
The Completed Task Teaching System from Human 
Hands to Robotic Hands 
Teaching | 
Sys tem | 
H H i i i iMMMMK 
Learning | 
Sys tem | 
- | P J i 
o  
Robotic I 
Hand sys tem | 
Figure A1: Architecture of the completed task teaching system 
The completed task teaching system consists of three sub-systems (see Figure 
A1) and the features of these three sub-systems are: 
Teaching System (Friendly Teaching for Dexterous Manipulation Tasks 
of Multi-fingered Hands): 
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• Perform the dexterous manipulation 
• Calculate the contact motion from the demonstrated manipulation 
Learning System: 
• Map the calculated human manipulation skills to the robotic 
manipulation skills. 
• Perform these robotic manipulation skills in the virtual 
environment. 
• Evaluate the learned the robotic skills. 
Robotic Hand System: 
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